Six mutants, allelic to ade3, were isolated after mutagenic treatment of a prototrophic strain of yeast. All six grow on medium supplemented with adenine alone and four respond to histidine. Supplementation with adenine plus histidine or methionine inhibits growth, but a mixture of these three is stimulatory. 
Mutants of the genes adel and ade2 in Saccharomyces cerevisiae require adenine and accumulate a red intracellular pigment derived from aminoimidazole carboxamide (AIR). Other adenine-requiring mutants, presumed to be blocked in earlier steps of purine biosynthesis, can be isolated by selecting white double mutants from red adel or ade2 strains (16) . This technique has led to the identification of seven other genes, ade3 to ade9, affecting purine synthesis. Mutants of ade3 isolated in this manner require both adenine and histidine (16) .
It has been shown that ade3 mutants accumulate 5-amino-4-imidazole carboxamide ribotide (AICAR; see reference 13) , and this was initially thought to denote a deficiency of the enzyme 5'-phosphoribosyl - 
As has been mentioned, 10-formyl THF is a cofactor for AICAR transformylase; in addition, 5 , 10-methenyl THF is a cofactor for the conversion of glycinamide ribotide to formylglycinamide ribotide, the third reaction of purine synthesis de novo. The purine requirement of ade3 would thus appear to be due to a multiple defect in folic acid metabolism rather than one in purine synthesis.
We isolated a number of purine-requiring mutants after mutagenic treatment of a prototrophic strain (Woods, Carroll, and Lomax, unpublished data). Six of these mutants failed to complement our standard ade3 mutant, but none of them had the dual requirement for adenine and histidine. In this paper we report the genetic, physiological, and biochemical characterization of these mutants.
To distinguish between the new and standard ade3 mutants, we shall refer to them as ade3(his+) and ade3(his-), respectively. Individual ade3(his+) mutant alleles will be referred to by their isolation numbers.
MATERIALS AND METHODS
Yeast strains. The wild-type prototrophs contained the gene su-pur, which affects certain mutants defective in the control of purine biosynthesis (3) but has no effect on purine auxotrophs. These prototrophs are referred to as wt a su and wt a su. Our standard ade3 and ade6 were obtained by mutagenesis of ade2 (16) . This ade3 is allelic to the ade3 lesion in the strain S1238D which was obtained from R. K. Mortimer. The ade2 strain carried the allele ade2.0 (19) .
Media. Three basic media were used. Yeast complete medium contained 5 g of yeast extract, 5 g of casein hydrolysate, 3 g of peptone, and 40 g of glucose per liter. The minimal medium (YMM) contained 6.7 g of Difco Yeast Nitrogen Base without amino acids and 40 g of glucose per liter. Sporulation medium contained 3 g of sodium acetate and 0.2 g of raffinose per liter. All solid media were adjusted to pH 5.8 and solidified with 1.5% Oxoid No. 3 agar. Liquid YMM was prepared at 10 times working strength and was filtersterilized; this concentrated medium was diluted with sterile water and supplemented as indicated.
Induction and isolation of mutants. A suspension of wt a su in saline was treated with 1% ethylmethanesulfonate for 2 hr and, after appropriate dilution, plated onto YMM supplemented with adenine (100 mg/ml).
Survival after mutagenic treatment was approximately 40%. The plates were incubated at 28 C for 3 days and then replica-plated onto YMM. After a further 3 days, the plates were examined, and putative adenine-requiring mutants were isolated for further investigation. This procedure is selective for purine auxotrophs; the standard type, ade3(his-), could not have been recovered.
Complementation tests and genetic analysis. Inocula of standard ade strains in mating type a were spread on plates of YMM supplemented with 1% YCM. Master plates of the adenine-requiring mutants were replica-plated onto these, and the test plates were incubated for 3 days. Six mutants were found which failed to complement the standard ade3. We shall refer to them by their isolation numbers, viz., A4, A12, A62, A 132, A 199, and A240.
The genetic techniques have been described previously (1) .
Growth studies. Cultures were grown in 50-ml conical flasks on a rotary shaker as described previously (9 and crude extract in a total volume of 1.0 ml. After incubation at 37 C for 15 min, the reaction was stopped by the addition of 2.0 ml of 3.5% perchloric acid (HCIO4). This addition converts any 10-formyltetrahydrofolate formed to 5, 10-methenyltetrahydrofolate. The precipitated protein was removed by centrifugation, and the amount of 5, 10-methenyltetrahydrofolate in the supernatant fluid was estimated after 30 min at room temperature by measuring the optical density at 355 nm against a blank lacking sodium formate.
(ii) The assay of 5, 10-methenyltetrahydrofolic acid cyclohydrolase was based on the procedure of Greenberg (5) . The reaction mixture contained 600 ,moles of maleate buffer (pH 6.9), 800
Mmoles of 2-mercaptoethanol, 0.075 Mmole of dI-5, 10-methenyltetrahydrofolic acid, and crude extract in a total volume of 3.0 ml. Consumption of the substrate at 25 C was followed by recording the decrease in absorbance at 355 nm against a blank lacking enzyme on a Beckman DB spectrophotometer coupled to a chart recorder. (iii) 5, 10-Methylenetetrahydrofolic acid dehydrogenase was assayed by the procedure of Scrimgeour and Huennekens (17) . The assay mixture contained 200 gmoles of potassium phosphate buffer (pH 7.5), 20 gmoles of 2-mercaptoethanol, 0.6 ,umole of nicotinamide adenine dinucleotide phosphate (NADP), 0.6
Mmole of dI-L-tetrahydrofolic acid, 10 Mmoles of formaldehyde, and crude extract in a total volume of 3.0 ml. The reaction was stopped by the addition of 0.3 ml of 25% HCIO4 after 15 min at 37 C. After removal of precipitated protein by centrifugation, the 5, 10-methenyltetrahydrofolate formed was measured as in assay i,by use of a blank without formaldehyde.
Chemicals. Adenine, uracil, dl-L-tetrahydrofolic acid diacetate, and NADP were purchased from the Sigma London Chemical Co. Ltd., and L-histidine was from Koch-Light & Co. Ltd. 5, 10-Methenyltetrahydrofolic acid was prepared from 5-formyltetrahydrofolic acid by the method of Greenberg (5); 5, 10-methylenetetrahydrofolic acid was generated in situ from formaldehyde and tetrahydrofolic acid (14) . The 5-formyltetrahydrofolic acid was a gift from Cyanamid of Great Britain Ltd. All reagents were the highest grade of purity available.
RESULTS
Physiological and genetic studies. Initial tests on solid medium showed that the six presumptive ade3 mutants were completely auxotrophic and ade3 MUTANTS OF YEAST responded to adenine or hypoxanthine. Since the standard ade3(his-) requires adenine and histidine, we tested the new mutants on YMM supplemented with both of these compounds to see if growth was stimulated. In fact, five of the mutants, A4, A12, A62, A199, and A240, were inhibited by comparison with their growth on adenine alone.
L-Histidine should be a normal constituent of the amino acid pool, and it seemed possible that this inhibition was due to histidine causing a requirement for an essential metabolite. Auxanographic tests on mutant A199 suspended in YMM plus adenine and histidine revealed that methionine relieved the inhibition. The methionine precursors, cysteine and homocysteine, had no effect.
A comprehensive series of tests on solid medium showed that four mutants, A 12, A 132, A199, and A240, could grow on YMM supplemented with histidine alone. These mutants failed to grow when both histidine and methionine were present.
These observations were quantified by growing the mutants in liquid YMM supplemented with adenine, histidine, and methionine at 50 jg/ml in all possible combinations. The standard ade3(his-), ade6, and wild type were also tested under the same conditions. The results of these experiments are listed in two tables for convenience. The yields listed in Table I were measured after 72 hr of incubation; those listed in Table 2 were measured after 24 hr of incubation. The results obtained on solid medium were thus confirmed in liquid medium. All six new mutants respond to adenine alone and four can grow on histidine, though with markedly lower yields. These four fail to grow when the medium is supplemented with both histidine and methionine, as was found on solid medium. A mixture of adenine and histidine drastically reduces the yield of A12, A199, and A240 and has a smaller effect on A4. The results on solid and in liquid media do not agree entirely, in that A62 is inhibited by adenine plus histidine on solid medium only.
A more marked inhibition of growth affects all of the mutants except A132 when the medium is supplemented with adenine plus methionine. However, the mutants grow well when all three supplements are present.
The standard ade3(his-), as expected, grows only when both adenine and histidine are present; ade6 shows a slight increase in yield as supplementation is increased, whereas wild type grows equally well in all of the experimental treatments. The phenotypes of the ade3(his+) and ade3(his-) mutants are listed in Table 3 . The six mutants were crossed to wt a su, and meiotic segregants were tested for response to adenine and adenine plus histidine. The mutants proved to be recessive, and their novel phenotypes segregated in a normal Mendelian fashion.
Confirmation that the six ade3(his+) mutants are allelic to one another was obtained by crossing them in all pairwise combinations. All of the diploids were auxotrophic and no recombinants were found in a total of 110 asci.
All six mutants were initially classified as ade3 by the complementation test. This allocation was checked by single-cell mating to ade3(his-) and genetic analysis. All of the diploids were auxotrophic, and no recombinants were recovered from 50 asci, confirming the results of the complementation test.
The heteroallelic diploids from these crosses LOMAX, GROSS, AND WOODS The ade3(his+) mutants were crossed to ade2, and the segregants were classified for degree of pigmentation and growth on YMM plus adenine versus YMM plus adenine and histidine. Each ascus contained two pigmented segregants which were either red or pink. All of the pink segregants were genotypically ade2 ade3. Thus, the new mutants are not completely epistatic to ade2 but do reduce pigmentation.
Biochemical studies. The standard ade3 was shown by Jones and Magasanik (Bacteriol. Proc., 1967, p. 127) to have altered activity for three enzymes concerned with the interconversion of tetrahydrofolate derivatives.
We assayed the activity of formyl THF synthetase, methenyl THF cyclohydrolase, and methylene THF dehydrogenase in the new mutants, two standard ade3 mutants, and the wild (Table 6) were averaged from these repeat experiments.
All of the ade3 mutants show some activity of formyl THF synthetase. However, in the two ade3(his-) mutants it is only 10 to 12% of that found in wild type, whereas the least active ade3(his+), A4, has 36% of wild-type activity, and the most active, A199, has more than wild type. None of the mutants has detectable activity for the cyclohydrolase. Activities of methylene THF dehydrogenase range from 6 to 22% of wild type, with the ade3(his-) strains having about 10%. It may be significant that the wild type shows greater specific activities of the synthetase and dehydrogenase when grown in YMM supplemented with both adenine and histidine.
DISCUSSION
The ade3 locus of yeast is of interest on two counts: first, the multiple defect in the enzymes of tetrahydrofolate interconversion and, second, the dual requirement for adenine and histidine of ade3(his-) mutants. In neither of these respects is S. cerevisiae unique; apparently identical biochemical defects and nutritional requirements are shown by ad9 mutants of Schizosaccharomyces pombe (14) . It was originally proposed by Mazlen and Eaton (13) that ade3 mutants lacked the enzyme AICAR transformylase. Mutants defective for this enzyme in S. pombe (18) , Escherichia coli (12) , and Salmonella typhimurium (2) have been shown to have a complete or partial requirement for histidine. Whitehead et al. (18) accounted for this requirement by demonstrating that, in S. pombe, AICAR acted as an effective feedback inhibitor of the first enzyme of histidine biosynthesis; however, Mazlen and Eaton (13) were unable to detect an equivalent effect in an ade3(his-) mutant of yeast. These observations do, however, suggest that there is a connection between AICAR accumulation and histidine requirement. The only apparent difference between ade3(his+) and ade3(his-) at the biochemical level is in the activity of 10-formyl THF synthetase. In ade3(his+), activity ranges from 36 to 109% of wild type, whereas in ade3(his-) it is only 10 to 12%. It is possible, then, that ade3(his+) strains have some capacity for the synthesis of 10-formyl THF via the synthetase but that ade3(his-) does not. In both types of ade3, exogenous adenine will be converted to adenosine monophosphate by adenine phosphoribosyltransferase as a necessary preliminary to metabolic utilization. ATP is a substrate for the first enzyme of histidine biosynthesis, and AICAR is formed as a by-product of this path- way. This AICAR will accumulate unless metabolized to purine nucleotides via AICAR transformylase. This enzyme is inactive in ade3(his-), and there will consequently be a drain of adenine via ATP to nonutilizable AICAR. In vivo, this wasteful conversion might be such as to deprive the cells of sufficient adenine to support growth (I1). Formation of AICAR in these cells would be prevented by feedback inhibition of the histidine pathway by exogenous histidine, so that ade3(his-) would be able to grow only in the presence of adenine (to satisfy its purine requirement) and histidine (to prevent the drain of proferred purine into nonutilizable AICAR). If some 10 formyl THF were synthesized in ade3(his+), this would allow AICAR to be metabolized to purine nucleotides and allow growth on adenine alone. The accumulation of AICAR by both types of ade3 has been investigated in this laboratory (Gross and Woods, manuscript in preparation). In ade3(his-), all of the AICAR is formed by the histidine pathway; in ade3(his+), it is formed via both the purine and histidine pathways. On a priori grounds, the histidine pathway would be expected to be equally active in both mutant types and in consequence more AICAR would accumulate in ade3(his+). In fact, the levels of AICAR are the same in ade3(his+) and ade3(his-), suggesting that the expected excess The enzymes affected by the ade3(his-) lesion have been recently studied by Lazowska and Luzzati (7, 8) . By using partially purified enzymes, they found approximately 10% of wildtype activity for both 10-formyl THF synthetase and methenyl THF cyclohydrolase and 50% activity of 5, 10-methylene THF dehydrogenase. They also showed that yeast contained two forms of 5, 10-methylene THF dehydrogenase, only one of which was present in ade3(his-). One of the mutants they studied was a deletion for twothirds of the ade3 locus, so that the changes in activity of three enzymes are not due to "polar mutations."
The presence of two forms of 5, 10-methylene THF dehydrogenase in wild type and the absence of one of these in ade3(his-) suggest that the primary biochemical lesion in these mutants is the loss of this particular isozyme and that the other phenotypic changes are pleiotropic consequences of this lesion. The alterations in activity of the two other enzymes are perhaps indicative of some kind of interaction, possibly involvement in an enzyme aggregate.
The epistasis of ade3(his-) to ade2 is probably due to absence of 5, 10-methenyl THF, the cofactor of glycinamide ribonucleotide transformylase. If so, the form of 5, 10-methylene THF dehydrogenase that these mutants contain must be inactive in vivo. In contrast, ade3(his+) mutants are not completely epistatic to ade2 and can synthesize AICAR via the purine pathway so that they must be able to synthesize some 5, 10-methenyl THF, but not enough to allow them to grow in the absence of adenine. Four of the ade3(his+) mutants can grow on histidine alone and can presumably synthesize both 10-formyl THF and 5, 10-methenyl THF under these conditions. In mammals and some microorganisms, histidine can be catabolized to 5, 10-methenyl THF via formininoglutamic acid and 5-forminino THF (4). The existence of this pathway in yeast would account for the ability of these four mutants to grow on histidine alone. However, two ade3(his+) and the ade3(his-) do not respond to histidine. We think that this possible defect in histidine catabolism may be a further pleiotropic consequence of the basic ade3 lesion.
We have, as yet, no definitive ideas concerning the inhibitory effects of pairwise supplements of adenine, histidine, and methionine on the ade3(his+) mutants, but it is possible that these complex inhibition patterns may be due to disturbances of the normal mechanisms by which the synthesis and interconversion of tetrahydrofolate derivatives are regulated.
